This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background/Aims: The invasion of trophoblast cells into the maternal uterine decidua is critical for normal placentation, establishment of pregnancy and maintenance of fetal growth in humans. Several growth factors and cytokines have been implicated in trophoblast invasion, but the underlying regulatory mechanisms of invasion are not fully understood. Our earlier studies have found that caudal-related homeobox transcription factor 2 (CDX2) is hypomethylated in human pre-eclampsia placental tissues. However, whether CDX2 is involved in trophoblast invasion was unclear. Methods and Results: In this study, we investigated CDX2 function using a human HTR-8/SVneo cell line that overexpressed CDX2. Cell invasion assays demonstrated that CDX2 enhanced trophoblast cell invasiveness. Meanwhile, MTT assays revealed that CDX2 did not affect cell proliferation. Western blot analysis and quantitative real-time PCR demonstrated that the expression level of matrix metalloproteinase-9 (MMP-9) was significantly increased, whereas the expression of tissue inhibitor of metalloproteinase-1 (TIMP-1) was markedly suppressed in the CDX2-overexpressing trophoblast cells. The phosphoinositide-3-kinase (PI3K)/Akt signaling pathway is involved in proliferation, migration, metastasis and invasion. Our study showed that inhibition of PI3K/Akt signaling led to decreased expression of CDX2. Conclusion: We concluded that CDX2 is likely regulated by the PI3K/Akt signaling pathway during trophoblast cell invasion. Our findings may reveal new insights into the regulatory mechanisms of trophoblast cell invasion and may be an important contributor to the pathogenesis of pregnancy-related diseases.
Introduction
Trophoblast cells are the main component of the placenta. Normal placental development is characterized by extravillous trophoblast cells penetrating into the maternal decidua and myometrium [1] . Invading trophoblast cells alter the vasculature inside the uterus and partially replace the endothelial cells of the uterine spiral arteries. These activities of trophoblast cells are key events during the establishment, maintenance and termination of physiological pregnancy [2, 3] . Invasiveness is a characteristic of trophoblast cells; however, trophoblast invasion is a strictly controlled physiological event. Any changes in the trophoblast invasion capacity can seriously affect placental function and can threaten maternal and child health. Defective trophoblast invasion may contribute to many pregnancyrelated diseases [4] . For example, excessive invasion can lead to gestational trophoblastic diseases [5] , whereas inadequate invasion, specifically restricted endovascular invasion, may cause miscarriage [6] , pre-eclampsia [7] , fetal growth restriction [8] and other pathological events during pregnancy [9] .
Multiple factors including growth factors, cytokines and chemokines are involved in the regulation of trophoblast invasion, such as corin [10] , E-cadherin [11] , tumor necrosis factor-alpha (TNFα) [12] , matrix metalloproteinase (MMP)-2/MMP-9 [13] , interleukin-1-beta (IL-1β)/transforming growth factor-beta 1 (TGF-β1) [14] and tissue inhibitor of metalloproteinase-1 (TIMP-1) [15] . Through the expression and secretion of MMPs, trophoblast cells gain the capacity to degrade extracellular matrix. As a key enzyme during trophoblast invasion, MMP-9 is a member of the MMP family that can efficiently degrade type IV collagen, a main component of the basement membrane [13] . TIMPs are specific inhibitors of MMP-9 that act by forming complexes with MMP-9 [13, 15] . MMP-9 and TIMP-1 are both closely associated with trophoblast invasion. Down-regulation of MMP-9 and upregulation of TIMP-1 may both lead to decreased trophoblast invasion [16] [17] [18] .
Caudal-related homeobox transcription factor 2 (CDX2) is a member of the caudalrelated homeobox gene family, with multiple functions in mammalian development, such as proliferation and differentiation [19] [20] [21] [22] . Our previous study found that CDX2 is hypomethylated in human severe pre-eclampsia placenta [23] . Additionally, CDX2 is a transcriptional regulator essential for the trophoblast lineage [24, 25] . However, the specific role CDX2 plays in trophoblast invasion is still poorly understood. In this study, we hypothesized that CDX2 is a regulator of trophoblast invasion and that abnormal CDX2 expression may be associated with the pathogenesis of pregnancy-related diseases.
To test our hypothesis, we used the HTR-8/SVneo trophoblast cell line to investigate CDX2 function. By using MTT assay and cell invasion assay, the proliferation and invasive capacity of the HTR-8/SVneo cells were investigated. We detected the expressions of MMP-9 and TIMP-1 by Western blot analysis and quantitative real-time PCR. Meanwhile,we evaluated PI3K/AKT signaling in trophoblast cells. Our findings indicate that CDX2 regulates the invasive capacity of the HTR-8/SVneo trophoblasts by altering the expression of MMPs.
Materials and Methods

Reagents and antibodies
Primary polyclonal antibodies against CDX2 (Abcam, ab76541, USA), MMP-9 (Abcam, ab38898, USA), TIMP-1 (Cell Signaling, #8946, USA), PI3K (Abcam, ab22653, USA), and AKT1 (phospho S473, Abcam, ab66138) were used at 1:1000 dilution. Rabbit polyclonal anti-β-actin antibody (Beyotime, AA128) was used at 1:1,000 dilution (final concentration 1μg/ml) as a loading control for western blotting. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Abcam, ab6721, USA) was used at 1:5,000 dilution (final concentration 0.2μg/ml) as the secondary antibody. 
Cell culture and transfection
The HTR-8/SVneo cells (purchased from the Cell Bank of the Chinese Academy of Sciences, China) were maintained in RPMI-1640 medium (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS), 100 µg/mL streptomycin and 100 U/mL penicillin under standard culture conditions (37°C and 5% CO2 incubator) [26] . The CDX2 expression plasmid was constructed by inserting the entire coding region of the human CDX2 cDNA (synthesized by Shanghai Generay Biotech Co., Ltd., China) into the pBMN-GFP vector (The Phoenix™ retroviral system, Allele Biotech, USA) using the BamH I and EcoR I endonucleases (TaKaRa, Dalian, China) and was verified by DNA sequencing (Sangon, China). For transfection, the cells were seeded in 6-well plates at a density of 1×104 cells in 2 mL of culture medium per well and were allowed to attach for 24 h. The cells were then transfected with either the CDX2 expression plasmid or a lentiviral vector control plasmid according to the manufacturer's protocol. To evaluate the role of the PI3K pathway in CDX2 regulation and trophoblast invasion, the CDX2-overexpressing cells were treated with LY294002 (Sigma, USA), which is a highly selective inhibitor of the PI3K pathway. After treatment with 0.1 uM LY294002 for 24 h, then harvested for further testing.
In vitro cell invasion assay
The invasive capacity of the HTR-8/SVneo cells was tested after transfection. The cell invasion assay was performed using a QCM ECMatrix 24-well kit (Chemicon, ECM550, USA) according to the manufacturer's instructions. The cells were resuspended in RPMI-1640 medium without FBS. They were then seeded into the upper compartment of the invasion chamber. The lower compartment was then immediately loaded with 600 μL medium containing 10% FBS as a chemoattractant. After 24 h of incubation at 37°C in a humidified atmosphere containing 5% CO 2 , non-migrating cells in the top compartment were completely removed by a sterile cotton swab, while those cells that had invaded into the lower chambers were stained with 0.04% Trypan Blue solution, washed with distilled water, and dried at room temperature. The invading cells were eluted with 100 μL of 10% acetic acid. The absorbances were then measured at 546 nm and 578 nm using a spectrophotometer (MK3, Thermo, USA). Each experiment was performed in triplicate.
MTT assay for cell proliferation
The proliferation capacity of the trophoblast cells was assessed using an MTT (Sigma, MO, USA) assay according to the manufacturer's instructions. The CDX2-overexpressing HRT-8/SVneo cells and the control cells were harvested with 0.05% trypsin-EDTA and were resuspended in medium. A total of 10 4 cells in 100 μL medium per well were seeded into 96-well plates and incubated for 48 h at 37 °C and 5% CO 2 in a humidified incubator. Twenty microliters of MTT (5 mg/mL stock) was then added to each well, and the plates were incubated for another 4 h. The medium was then removed, and 150 μL of dimethyl sulfoxide (DMSO) was added. The plates were gently mixed on a shaker at room temperature for 10 min. Finally, the absorbances were measured at 490 nm using a spectrophotometer. There were five technical replicates per sample in each experiment, and each experiment was independently repeated three times.
RNA extraction and quantitative real-time PCR
TRIzol (Invitrogen, USA) was used to extract total RNA from approximately 5×10 6 cells. Following extraction, 1 μg of RNA was reverse transcribed using Superscript II reverse transcriptase (Invitrogen, USA) and a random primer according to the manufacturer's instructions. Quantitative real-time PCR reactions were performed using SYBR Green (Applied Biosystems, USA) on an ABI 7500 system. Melting curve analyses were performed to evaluate the primer specificities. The PCR primers are listed in Table 1 . The results were normalized to the level of 18S rRNA. There were three technical replicates and at least three biological replicates per sample.
Western blotting
Protein extracts were prepared from transfected HTR-8/SVneo cells using RIPA lysis buffer (Sigma, USA). Protein concentration was measured using the bicinchoninic acid (BCA) method. Samples containing equal amounts of proteins (100 μg) were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% nonfat dry milk in a Tris-buffer containing 0.05% Tween-20 (TBST) for 1 h and were then incubated with the primary antibodies at 1:1000 dilution. The membranes were then
Results
Overexpression of CDX2 in HTR-8/SVneo cells
The HTR-8/SVneo cells were seeded into 6-well plates and transfected with either the CDX2 expression plasmid or the control plasmid. After 48 h, the cells were harvested for RNA and protein extraction. The protein expression of CDX2 was verified by western blotting (Fig.  1A) . The mRNA expression of CDX2 was assessed by quantitative real-time PCR, and the level was 5.1-fold higher (Fig. 1B, Student' s t test, **p<0.01) in the CDX2-overexpressing cells than in the control.
Effects of CDX2 overexpression on trophoblast invasion and proliferation
We transiently overexpressed CDX2 in the HTR-8/SVneo cells to study the roles of CDX2 in trophoblast invasion and proliferation using the assays described above. We found that the invasion capacity of the CDX2-overexpressing cells was significantly higher than that of the control. The absorbances of the invaded cells were measured at 546 nm and 578 nm. The data are presented as means ± SD, and the difference between the two groups of samples was statistically significant at p<0.05 (Student's t test, Fig. 2A, 2B ). An MTT assay was performed to determine whether the increase in invasion by the CDX2-overexpressing (Fig. 2C ).
Three independent experiments produced similar results.
The effects of CDX2 on MMP-9 and TIMP-1 expression
We measured the protein expression levels of MMP-9 and TIMP-1 by western blotting. Overexpressing CDX2 significantly increased MMP-9 expression and decreased TIMP-1 (the inhibitor of MMP-9) expression in the HTR-8/SVneo cells (Fig. 3A) . Densitometry analysis revealed that MMP-9 was increased to 340% compared with the control, whereas TIMP-1 was decreased to 35% relative to the control (Fig. 3B) . Additionally, quantitative real-time PCR analysis showed the same trend as the western blots, with MMP-9 mRNA up-regulated and TIMP-1 mRNA down-regulated in CDX2-overexpressing HTR-8/SVneo cells (Fig. 3C) .
Regulation of CDX2 expression via the PI3K/AKT pathway
To elucidate the mechanisms through which CDX2 promotes trophoblast invasion, we evaluated PI3K/AKT signaling in trophoblast cells. We measured PI3K and p-AKT expression by western blotting and quantitative real-time PCR in the CDX2-overexpressing HTR-8/ 
Discussion
Like tumor cells, invasiveness is a feature of trophoblasts; however, unlike tumor invasion, trophoblast invasion is a strictly controlled physiological event. The placenta is a critical organ for the development of the fetus in utero. Trophoblast invasion into the uterine spiral arteries and the rebuilding of the arteries are crucial for normal placental development [2, 3, 30] . Imperfect uterine spiral artery rebuilding and inadequate trophoblast invasion have been associated with a range of pregnancy-related diseases [5] [6] [7] [8] [9] .
CDX2 is a member of the caudal-related homeobox gene family and is involved in differentiation, proliferation, and maintenance of intestinal epithelial cells [19] [20] [21] [22] . Using intestinal cell lines, numerous studies have indicated that CDX2 acts as a tumor suppressor by inhibiting cell proliferation [21, 22] . However, it has also been reported that CDX2 is associated with trophectoderm differentiation [24, 25, 31] . Our previous study found that CDX2 is hypomethylated in human severe pre-eclampsia placental tissues. Therefore, we sought to further investigate the effect of CDX2 on trophoblast invasion and proliferation. In this study, we found that CDX2 overexpression increased the invasiveness of the HTR-8/ SVneo cells ( Fig. 2A, 2B ) but did not affect cell proliferation (Fig. 2C) . CDX2 may function in trophoblast invasion to prevent shallow placenta implantation and other pregnancy-related diseases.
At present, it is known that several cytokines and growth factors are associated with the regulation of trophoblast invasion [10-15, 32, 33] . However, very few of these regulatory factors have been investigated in depth. Recent reports have demonstrated that MMP-9 downregulation and TIMP-1 up-regulation can both lead to reduced trophoblast invasiveness [15] [16] [17] . We have also investigated the roles of MMP-9 and TIMP-1 in trophoblast invasion. Previous reports have shown that CDX2 inhibits invasion of Lovo cells by reducing expression of MMP-2 [34] and CDX1 restricts the invasion of HTR-8/SVneo trophoblast cells by inhibiting MMP-9 expression [35] . So we investage the effects of CDX2 on MMP-9 and TIMP-1 expression. Our present study shows that CDX2 overexpression significantly promotes MMP-9 expression and inhibits TIMP-1 expression in HTR-8/SVneo trophoblast cells (Fig.  3B, 3C ). These data suggest that CDX2 enhances trophoblast invasion by stimulating MMP-9 secretion while inhibiting TIMP-1 expression.
The PI3K/AKT signaling pathway plays important roles in cell growth, proliferation, migration and invasion [27, 36] . This pathway is activated in pre-eclamptic placentas to regulate cell proliferation [37] . Previous reports have shown that PI3K and AKT play an important role in regulating trophoblast invasion through the upregulation of MMP-9/TIMP-1 expression by EGF [38] . Literature also suggests that HCG stimulates trophoblast invasion through PI3K and AKT signaling [39] . Recent studies have shown that CDX-2 was a target of PI3K signaling [40, 41] . We investigated the effect of PI3K/Akt signaling on CDX2 expression in HTR8/SVneo cells. Inhibition of PI3K signaling with the specific inhibitor LY294002 decreased CDX2 expression (Fig. 4B) . In contrast, CDX2 overexpression did not affect PI3K expression (Fig. 4A) . These data suggest that the PI3K/AKT pathway could regulate CDX2 expression.
In summary, our results demonstrated that CDX2 overexpression in HTR-8/SVneo cells enhanced cell invasion by promoting MMP-9 expression and inhibiting TIMP-1 expression. Therefore, the expression level of CDX2 may have a significant impact on trophoblast invasion and may be associated with pregnancy-related diseases. Our findings may reveal new insights into the regulatory mechanisms of trophoblast invasion and may be an important contributor to the pathogenesis of pregnancy-related diseases.
